Anodization of titanium film sputtered on fluorine doped tin oxide (FTO) glass was performed to obtain highly ordered $2 mm long and $60 nm wide TiO 2 nanotubes. The titania films were annealed in ammonia atmosphere to enable the doping with N. The annealing did not affect the nanotubular morphology and the porosity remained open which is a very important requirement for further deposition of CdS quantum dots. The analysis done by transmission electron microscopy (TEM) has shown that the N-doped nanotubes have a smaller interplanar distance as compared to the undoped ones, whose interplanar distance corresponded to anatase phase. This difference was attributed to the N doping and the Sn migration from the substrate, as demonstrated by energy dispersive spectroscopy (EDS) combined with electron energy loss spectroscopy (EELS). The near edge X-ray absorption fine structure (NEXAFS) analysis clearly demonstrated that also the doped TiO 2 film has anatase phase. Regarding the chemical composition of the studied samples, the X-ray photoelectron spectroscopy (XPS) and synchrotron radiation photoelectron spectroscopy (SRPES) analyses have shown that N is incorporated both interstitially and substitutionally in the TiO 2 lattice, with a decreased contribution of the interstitial after ionic sputtering. The shift of the valence band maximum (VBM) position for the doped TiO 2 vs. the undoped TiO 2 proved the narrowing of the band gap. The CdS/TiO 2 films show bigger VBM shifting that can be attributed to CdS deposit. Comparing the absorption spectra of the bare undoped and doped TiO 2 samples, it was noticed that the doping causes a red shift from 397 to 465 nm. Furthermore, the CdS deposition additionally enhances the absorption in the visible range (575 nm for undoped TiO 2 /CdS and 560 nm for doped TiO 2 /CdS films).
Introduction
Titanium dioxide (TiO 2 ) is a nontoxic and photosensitive semiconductor, 1 very competitive in terms of its low costs and is commonly used in the production of the third generation of solar cells.
2,3 A main drawback is that it absorbs only $5% of the entire solar spectrum, 4 which results in the low efficiency of the devices using this technology. Therefore, the scientic community has oriented its attention to the improvement of the absorption characteristics of the titania photoanode, by tailoring the chemical and morphological properties of TiO 2 and/or by employing an appropriate sensitizer. 5 One should note that one dimensional (1D) nanotubular structure exhibits superior characteristics as compared to nanoparticular TiO 2 .
3 It was shown that under UV radiation the diffusion of electrons is much faster along TiO 2 nanotubes (NTs) than through nanoparticles. 6 Additionally, the electron transfer loss is reduced inside NTs since there are no grain boundaries as within nanoparticular TiO 2 . 7 The structural disorder at the contact between two crystalline nanoparticles leads to enhanced scattering of free electrons, thus reducing electron mobility. 8, 9 Since the length of the NTs could be in micrometres the visible light scattering and absorption are improved greatly as compared to the nanoparticles. 3 Among many methods that are applied for the synthesis of TiO 2 , the anodization was shown to be a highly reproducible and controllable technique for obtaining highly ordered TiO 2 NTs arrays perpendicularly oriented to titanium substrate. 10 Such orientation is advantageous as compared to nanoparticular thin lm or lm made of disordered NTs that lie in the plane of the substrates, since in those kinds of lms there are gaps that cannot be reached by a sensitizer. 3 Another proposed approach to further improve the TiO 2 based photoanode in terms of absorbance properties, is by doping with anions, among which N showed to be the most prominent. The doping of TiO 2 NTs with N can be done by immersing of the NTs in N containing solutions, 11 thermal treatment in NH 3 gas atmosphere, 12 sputtering in N 2 atmosphere, 13 high-energetic ion implantation, 14 adding urea 15 or NH 4 NO 3 16 in the electrolyte for anodization. The advantage seems to be given to the thermal treatment in NH 3 atmosphere since it enables simultaneously both transformation of the anodized TiO 2 NTs from amorphous to more a conductive crystalline phase and doping with N by a single step process.
A further step in absorption enhancement of TiO 2 based photoanode is the deposition of a sensitizer. The well-known Grätzel cell includes TiO 2 sensitized with organic dyes.
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However, that system proved unstable. Thus the use of inorganic quantum dots (QDs) as sensitizer was considered as alternative. 18 The most important feature of QDs is the multiple exciton generation (MEG), a phenomenon described as a process of converting the high energy photon into more than one electron. 18 In order to provide the efficient electrons transfer from excited QD to TiO 2 , it is essential to properly align the energy levels of the materials, such is the case of CdS QDs whose conductive band edge is 0.5 eV above the conductive band edge of TiO 2 .
19,20 The effective use of mercaptosilane (MS) as a binding reagent for TiO 2 sensitization with CdS QDs was previously reported. 21 The role of MS was not just to enable the binding of CdS QDs to TiO 2 surface but also to protect colloidal particles from aggregation during the synthesis and aging. When aggregated, QDs lose the quantum connement effect and consequently the MEG process fails. It is therefore essential to rstly obtain the stable CdS QDs sol and then use it for TiO 2 sensitization.
Under this general context, the goal of this work was to boost the absorption properties of TiO 2 NTs, both by doping with N as well as by sensitizing with CdS QDs and to study the complementary of the two approaches.
Experimental

Synthesis of undoped and doped TiO 2 NTs lms
In terms of photovoltaic performances of QDs sensitized solar cells, it is benecial to insure the front side illumination directly to the TiO 2 photoanode, which in that case, must be transparent. It was therefore necessary to apply Ti lm on transparent conductive oxide (TCO) glass and to anodize it for obtaining TiO 2 NTs lm. 22 Most commonly used TCO glass consists of uorine doped tin oxide (F-SnO 2 , FTO), which is, herein, used as a support 23 for radio frequency magnetron sputtering (RF-MS) of Ti lm.
13 A RF-MS system with a Cesar RF Power Generator and a Dressler RMC-1 Matching Controller (13.56 MHz) having a magnetron cathode with a plasma ring of $50 mm diameter was used for the deposition of pure titanium thin lms onto FTO glass (PI-KEM Ltd, 200 nm FTO lm, 12-14 U cm À2 ). A high purity titanium target was used (Alfa Aesar GmbH). Before deposition, the FTO substrates were cleaned in ultrasonic bath in acetone, ethanol and deionized water for 10 min. Next, they were mechanically xed inside the deposition chamber at 40 mm target-to-substrate separation distance. The sputtering chamber was rst evacuated down to $2 Â 10 À4 Pa and then pure argon was admitted into reactor chamber at a constant gas ow rate of 5 sccm. The sputtering was carried out for 1 h at a working pressure and RF power of 0.5 Pa and 60 W, respectively. Then, the sputtered titanium lms were anodized in ethylene glycol containing 0.3 wt% ammonium uoride and 2 wt% water. The ethylene glycol based electrolyte was used since it is not aggressive to glass substrate and also provides longer NTs (>2 mm) compared to NTs fabricated using usual HF (aq) electrolyte. 24 The Ti/FTO anode was kept 10 mm apart from the platinum cathode. The voltage was set at 60 V and the anodization was carried out until the lms became transparent (aer $10 min). The samples were then well rinsed with water and let to dry in air for 24 h. One half of the samples was annealed in air for 30 min at 450 C with a heating rate of 8 C min À1 to induce crystallization of the initially amorphous nanotubes. In that way the undoped TiO 2 NTs were obtained. Another half of anodized TiO 2 lms was annealed in NH 3 atmosphere at the same heating and cooling rate to cause the nitrogen doping of the lms.
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Synthesis of CdS QDs and sensitization of TiO 2 lms
The aqueous colloid consisting of CdS QDs was prepared following the procedure described before. 21 It was shown that 0.04 mM of MS proves enough to stabilise CdS sol prepared by dissolving MS in 100 mL of 0.2 mM CdSO 4 water solution in a 3-neck 250 mL round-bottom ask. Next, the sol was cooled down in an ice bath, and purged with nitrogen for at least 30 min. Injection of 0.4 mM Na 2 S, under vigorous stirring, was followed by the immediate appearance of pale yellow coloration due to the formation of CdS particles.
The sensitization of the TiO 2 NTs with CdS QDs was reached by immersing the TiO 2 NTs lms into CdS colloid for 48 h. The samples were dried for 24 h in air and further characterized.
Characterization
CdS nanoparticles were characterized using a Jeol 3010 transmission electron microscopy (TEM), operating at 300 kV. The absorption spectrum of the CdS colloid was measured using a Shimadzu 1800 UV-Vis spectrophotometer and the effective mass approximation model (EMM) was used for estimation of the nanoparticles size.
The following expression of the EMM was used to derive the size of CdS nanoparticles: 
relative permittivity of CdS. The surface morphology of the TiO 2 NTs before and aer deposition of CdS QDs was studied using a Tescan Mira X3 eld emission scanning electron microscope (FESEM). The distribution of CdS QDs within the TiO 2 nanotubes was analyzed by high resolution TEM (HRTEM) Jeol JEM-2100F and Jeol JEM-2100 operating at 200 kV and the chemical mapping was performed using energy dispersive spectroscopy (EDS) and electron energy loss spectroscopy (EELS). For TEM analysis, the samples were scratched with a diamond needle and the resulting fragments were collected on a grid. The EDS results were provided by analyzing several such obtained fragments. For EELS analysis, the N-doped sample was drowned to epoxy on both sides. Then the etching of the glass substrate was performed with HF until the glass was consumed. The cutting of the remaining lm from the opposite side was done using a diamond ultramicrotome knife until the $70 nm thin lm was obtained and transferred to a carbon grid.
For determination of phase composition of the annealed lms, near edge X-ray absorption ne structure (NEXAFS) measurements were performed using synchrotron radiation.
The laboratory X-ray photoelectron spectroscopy (XPS) preliminary analyses (wide scan survey) were performed using 1253.6 eV Mg Ka beam source to check the overall chemical composition of the samples. The high-resolution synchrotron radiation photoelectron spectroscopy (SRPES) enabled the extraction of the N 1s line from the Cd 3d line, expected at 400 eV, in the photoemission spectra of the doped sample with CdS. By varying the incident energy of the beam it was possible to distinguish the valence band position of the reference undoped sample and to compare it with the N-doped sample with and without of CdS. The analyses were performed at the Materials Science Beamline at Elettra synchrotron light source in Trieste.
The diffuse reectance spectra (DRS) of the undoped and doped TiO 2 NTs lm formed on FTO glasses and nanocomposites obtained aer deposition of CdS QDs were investigated using a Shimadzu 2600 UV-Vis spectrophotometer with an integrating sphere attachment in the wavelength range from 300 to 750 nm. A bare FTO glass was taken as a reference for measuring the baseline.
Results and discussion
A dark eld TEM micrograph of the CdS nanoparticles stabilized with MS in Fig. 1(a) exhibits the nanoparticles with the size within the range 2-5 nm. It is a representative image showing that nanoparticles did not agglomerate and that MS was efficient as a surfactant preserving the individuality of the nanoparticles. The absorption spectrum of the colloid is shown in Fig. 1(b) with the absorption edge l c ¼ 462 nm inferred from the intersection of the tangent line and x-axis. The absorption blue shi, with regards to the absorption edge of a bulk CdS (l g ¼ 517 nm), indicates that CdS particles are in the quantum connement regime. 26 Taking into account that the band gap of the CdS QDs, E * g , is 4.30 Â 10 À19 J (2.68 eV), the estimated size of CdS QDs was nanoparticle present in the analysed colloid. If we take into account that MS is on the surface of the nanoparticles, it can be said that the EMM approximation was in accordance with TEM observation since the biggest nanoparticle that was detected was 5 nm. Fig. 2 presents the SEM micrographs of TiO 2 NTs aer annealing in air and NH 3 with a length of $2 mm and $60 nm inner diameter. It was observed that the open nanotubular structure is preserved both cases. This is important for the subsequent deposition of CdS QDs.
SEM analysis was repeated aer 48 hours immersion of TiO 2 substrates into CdS colloid. The results are provided in ESI as Fig. S1 . † The deposition of CdS QDs was not uniform. There were sporadic areas that cover the nanotubes tops for both undoped and doped TiO 2 lms. The EDS mapping conrmed that those areas consist more of CdS (Cd : S ¼ 1.07 : 1.69 at% in average for the undoped sample and 0.57 : 0.62 at% for the doped sample). However, CdS was also detected within the uncovered lm surface (Cd : S ¼ 0.33 : 0.56 at% in average for the undoped sample and 0.10 : 0.14 at% for the doped sample). Since S originates both from CdS QDs as well as from MS as a surfactant, it was therefore expected to detect a higher amount of S with regards to Cd (Cd/S relative ratios were all <1). The EDS mapping were recorded from the areas displayed in Fig. S1 † and it was used just to conrm the overall presence of Cd and S within the structure. Most of the TiO 2 lms remain open as they were before deposition without indication of the deposit presence. However, the SEM/EDS characterization gave an insight of the surface composition and morphology only. In order to analyse the structure along the nanotubes depth, the TEM analyses have been performed by using the preparation method described in Experimental part.
The HRTEM micrograph of the undoped TiO 2 samples aer the 48 h immersion in CdS sol is presented in Fig. 3(a) . The nanoparticles are clearly visible within the nanotubular structure and they are $5.5 nm in size. It can also be observed that the wall thickness of the nanotube is $20 nm. The measured interplanar distance (d ¼ 0.342 nm) of the nanotube's fragment presented in Fig. 3 The presence of CdS nanoparticles inside the nanotubular structure of the doped TiO 2 lm was evident from the micrograph given in Fig. 3(c) . The interplanar distance of the nanotube's fragment from . This crystallography difference could be primely due to N incorporation originating from the annealing in NH 3 . However, it could also be due to the presence of other elements, as noticed for the undoped sample.
By having the advantage of using the synchrotron beamline it was possible to explore the phase composition of TiO 2 annealed in ammonia, in relation with the change in crystallography observed in HRTEM. Anatase phase structure of the TiO 2 lm was evidenced by NEXAFS analysis as depicted in Fig. 4 . Ti L 2,3 edge presented in Fig. 4(a) and O K edge in Fig. 4(b) were analyzed and compared to literature. For Ti L 2,3 edge, the position of six characteristic peaks originating from the splitting of L 2 and L 3 edges, should be analyzed as explained before.
28 However, the differences of the peaks positions between anatase and rutile are negligible in the given spectrum. The distinction could be made only by comparing the intensities of the peaks at 460.5 eV and 461.0 eV. In the case of anatase phase the rst one has higher intensity, [29] [30] [31] as in the spectrum given in Fig. 4(a) . The O K edge exhibits two characteristic peaks at 531.4 eV and 534.1 eV, with the separation of 2.7 eV, which matches to the reported value for anatase, 28 in contrast to rutile phase that has wider separation (3.0 eV) of the peaks positions. Another observation that conrms the stated phase is the shape of high energy spectrum with two wide shoulders centered at 539.7 eV and 545.6 eV. In the case of amorphous TiO 2 , there is only one shoulder in this energy range, while in the case of rutile there are three shoulders.
28,32
The results of the EDS analyses performed on TEM are summarized in Table 1 . Excepting the presence of Ti, O, Cd, S, Si, C and N for the doped sample, there is a signicant amount of Sn detected in all analyzed fragments. We advance here the assumption that Sn diffused into TiO 2 structure during the annealing, 33, 34 as it can be the case of Na and Ca 35 that are also detected in small amounts. It must be noted that Cu originates from the classical TEM grid used as sample support in the analyses.
According to the Sn/Ti ratio (0.083 for the undoped TiO 2 /CdS and 0.194 for the doped TiO 2 /CdS), the incorporation of Sn in the TiO 2 structure was more intensive in doped sample. This is in agreement with the high reactivity of SnO 2 to NH 3 , as reported before. 36 Actually, SnO 2 acts as a sensor for NH 3 even at room temperature. 37 Therefore, one may assume that during Due to a relatively low sensitivity of the EDS technique for the detection of light elements such as N, additional analyses were performed using EELS, a more appropriate spectroscopy method to analyse the presence of N within the doped sample.
In order to access the NTs structure more distinctly, the preparation of the sample was done by slicing the sample perpendicularly to the substrate to $70 nm thin lm using a diamond ultramicrotome knife as described in Experimental part. That way only the sensitized NTs could be analyzed in cross section without the possible contribution of the substrate. The STEM micrograph of a representative fragment is shown in Fig. 5(a) . The NTs decorated with nanoparticles are clearly visible. The EELS spectrum, associated to the image, is displayed in Fig. 5(b) . Herefrom one can observe the Ti L 2,3 line doublet at 460 eV and O K line at around 535 eV. A further zoom on the spectrum (inset of Fig. 5(b) ) has indicated a weak N K edge at 400 eV suggesting the doping with N. Thus, the studied sample still needed a deeper insight for a sure conrmation of N doping in TiO 2 structure. The corresponding XPS analyses were therefore performed.
The wide scan XPS spectra as recorded from the undoped and doped TiO 2 lms are shown in Fig S2. † The analysis of the spectrum in Fig. S2(a) † conrms the presence of TiO 2 , as well as of a small amount of Sn by detecting the Sn 3d and Sn 3p 3/2 lines at 487 eV and at 717 eV, respectively. The spectrum of the doped sample (Fig. S2(b) †) shows a higher amount of Sn. This conrms the assumption that Sn diffuses more from FTO substrate when TiO 2 is annealed in NH 3 . The main difference between the two spectra is the presence of N 1s line at 400 eV in the case of doped sample, quite expected for the specimen synthesized by annealing in NH 3 atmosphere. The amount of N within the doped sample was estimated to be $1 at% calculated by quantitative analysis taking into account peak area/ photoionization cross sections.
The conrmation of N-doping of the sample annealed in NH 3 atmosphere, is provided in Fig. 6 , where XPS spectra of the N 1s line before and aer ionic sputtering are given. The sputtering was applied to clean the surface contaminants and to analyze the N occurrence deeper in the structure. Before sputtering the N 1s line was tted to one wide peak at 400.3 eV (Fig. 6(a) ). It was revealed that aer sputtering N 1s line has three contributions at $400.9 eV, $399.7 eV and $397.4 eV (peak 1, 2 and 3 in Fig. 6(b) , respectively). The rst one at 400.9 eV can originate from chemisorbed N 2 molecules on the surface of the TiO 2 . 38 The second contribution at $399.7 eV can be attributed to interstitially incorporated N 39 and/or NH 3 that might be bound to defect sites or trapped in the subsurface region. 40 The third contribution at $397.4 eV can be interpreted as nitride, meaning that N is incorporated substitutionally in the structure.
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The whole range spectra of the undoped and doped samples with CdS are given in Fig. S3 . † Apart from the expected lines for Ti, O, Sn and C, one can notice characteristic lines for Cd, S and Si that conrm the presence of CdS with MS on the surface of TiO 2 . The signal for S originates from both sulde from CdS core and from MS shell. The signal of C comes from atmospheric CO 2 , but also it can be attributed to the (-CH 2 -) groups originating from MS. In addition, there is Si 3p line detected at 99 eV that is assigned to silane groups present in MS around the CdS nanoparticles. In Fig. S3 † in the case of CdS/N-doped TiO 2 lm, an overlapping exists in the ghost peak of Cd 3d line with N 1s line at $400 eV. 41 That is why only a high-resolution SRPES analysis provided by synchrotron radiation could resolve this issue.
The SRPES investigation was performed on the doped sample with CdS by monitoring N 1s line before and aer 10 min of Ar + sputtering. From Fig. 7 it can be observed that N 1s line has three main contributions and the correspondent intensities changes aer sputtering. The rst contribution (peak 1 in Fig. 7 ) at $401.5 eV is decreasing, while the ratio of the second contribution at $399.9 eV (peak 2) to the third at $397.6 eV (peak 3) remained approximately the same aer sputtering. This was expected as the rst contribution corresponds to chemisorbed N 2 molecules on the surface of the TiO 2 and they are easily removed by sputtering. 38 The second peak at $399.9 eV can be attributed to interstitially incorporated N
39
and/or NH 3 molecules. 40 The third contribution at $397.6 eV can be associated to N substitutionally incorporated into TiO 2 structure.
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In order to investigate the effect of the doping and deposition on the narrowing of TiO 2 band gap, the incident energy of the synchrotron beam was set at 630 eV for all analyzed samples. This approach allows to clearly distinguish the positions of the valence band maximum (VBM). The overall comparison of the VBM is presented in Fig. 8(a) . The VBM positions were estimated to be: 3.95 eV, 3.84 eV, 2.81 eV and 2.91 eV for undoped TiO 2 , doped TiO 2 , undoped TiO 2 with CdS and doped TiO 2 with CdS, respectively. The shi of VBM for the doped TiO 2 vs. undoped TiO 2 can be a consequence of mixing N 2p and O 2p states and/or introduction of N induced donor level formed within the band gap slightly above O 2p valence zone.
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As demonstrated by the results in Fig. 6 and 7 , N was incorporated both interstitially and substitutionally. The CdS/TiO 2 lms show bigger VBM shiing that can be attributed to CdS deposit. 43 To assess the effect of doping and CdS sensitization on the absorption properties of TiO 2 NTs lm, the absorption spectra of the bare undoped and doped TiO 2 samples were compared with the corresponding spectra of the samples with CdS ( Fig. 8(b) ). The absorption edges were read at the intersection of the tangent of the absorption curve and the x axis. For the undoped bare TiO 2 lm, the absorption edge was estimated to be 397 nm, whereas the doped TiO 2 lm shows an absorption red shi with the edge at 465 nm. The absorption curves of the CdS sensitized TiO 2 lms proved that the CdS deposition causes the absorption red shi to 575 nm for undoped TiO 2 /CdS and 560 nm for doped TiO 2 /CdS lms. The smaller red shi of the doped TiO 2 /CdS as compared to the undoped TiO 2 /CdS is in agreement with the VBM positions derived from Fig. 8(a) . The corresponding band gaps, E g , of the lms were calculated to be: 3.12 eV, 2.66 eV, 2.15 eV and 2.21 eV for undoped TiO 2 , doped TiO 2 , undoped TiO 2 with CdS and doped TiO 2 with CdS, respectively. Taking into account these values, the positions of the conduction band minimum (CBM) were calculated as:
The schematic display of energy level positions is given in Fig. 8(c) ). We believe it is due to Sn incorporation from FTO substrate as suggested in TEM analysis since there is a 0.01 nm difference in interplanar distance that was measured and that of anatase phase. Also, in the case of the doped sample the CBM is moved compared to the undoped one. That can also be due to the loading of Sn from the support. The annealing in NH 3 enhanced the diffusion of Sn and it is assumed that Sn acted as cation dopant creating a donor level in the energy gap of TiO 2 resulting in additional narrowing of the band gap. 44 This assumption has being further studied in our group.
Conclusions
We have investigated the effect of N doping of TiO 2 nanotubes ($2 mm long and $60 nm wide) obtained by anodization of titanium lm sputtered on FTO glass. The N-doping was reached by annealing the amorphous titania in ammonia atmosphere at 450 C and it did not affect the nanotubular morphology. The additional enhancement of absorption properties was provided by deposition of CdS quantum dots (2-5 nm sized), that were synthesized using mercaptosilane as a surfactant and binding reagent to TiO 2 surface. The deposition was done by immersing the titania substrates into the CdS sol for 48 h. The SEM/EDS analyses showed that the deposition was not well uniform but nanotubular structure remains open. TEM analyses allowed one to gather a clear insight on the nanocomposites structure. It showed that CdS nanoparticles were deposited inside the nanotubes but also that the doped nanotubes had a smaller interplanar distance as compared to the undoped ones, whose interplanar distance corresponded to anatase phase. This difference was attributed to N doping and Sn migration from the substrate. The presence of Sn and N in the doped sample was conrmed by EDS combined with EELS analysis. Owing to high resolution synchrotron radiation, the NEXAFS analysis proved that also the doped TiO 2 lm had anatase phase. Details on the surface chemical composition of the studied samples were provided by XPS. By analyzing the N 1s line it was shown that N was incorporated both interstitially and substitutionally in TiO 2 lattice, with a decreased contribution of the interstitial aer ionic sputtering. The shi of the VBM position for doped TiO 2 vs. undoped TiO 2 proved the narrowing of the band gap. The CdS/TiO 2 lms exhibit bigger VBM shiing that can be attributed to CdS deposit. By measuring the absorption spectra of the bare undoped and doped TiO 2 samples, it was shown that doping caused the red shi from 397 to 465 nm. Furthermore the CdS deposition additionally enhanced the absorption in the visible range (575 nm for undoped TiO 2 /CdS and 560 nm for doped TiO 2 /CdS lms).
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